Radium beryllium fluoride (RaBeFJ is proposed as a new form of radium-a-beryllium neutron source, for adoption as a standard. Three such sources have been prepared and calibrated; they give a neutron yield which is proportional to the radium content to within £%. Details are given of the techniques used in the preparation and standardization of these sources; probable errors in the calibration are discussed.
Introduction
In various nuclear physical experiments it is necessary to know the absolute yield of a neutron source. Several well-established procedures are available for this determination, but they are, without exception, lengthy, and require considerable preparation. If there were available neutron sources whose yields were accurately reproducible, then, after determination of the absolute yield in several laboratories, this problem would reduce to a comparison of the working source with such a stan dard. Such relative measurements are much simpler and quicker to make, and are susceptible of greater accuracy. In addition, the existence of such sources would considerably simplify the inter comparison of neutron measurements between various laboratories.
The characteristics desirable in such a source are:
(1) Ease of preparation.
(2) Independence from arbitrary parameters, such as distances, volumes, weight ratios, etc. (Ideally the source should be completely specified in terms of one arbitrary quantity, which would normally be the weight of active material used; all other variables should produce only second-order effects.) (3) The neutron yield should be independent of time.
(4) Small physical dimensions (i.e. approximating to a point-source).
(5) The absolute value of the neutron yield must be reasonably high, to facilitate comparison with other sources.
The normal type of ' mixed ' radium-beryllium source, although providing a high absolute yield, is known to be unreliable (B right 1941) . The chief cause of variation appears to lie in the difficulty of achieving a homogeneous mixture of two powders (usually radium sulphate or bromide and beryllium metal) of such different densities, and of preventing partial separation under the influence of gravity. To avoid the last defect, Anderson & Feld (1947) have recently proposed compression of the mixture in a hydraulic press. This would eliminate at least the possibility of gravitational separation. Since the experiments described below were performed, Gamertsfelder & Goldhaber (1946) have proposed a 'reproducible neutron standard' which is based on the photo effect in Be, using Ra as a source of y-rays. We had also considered this possibility, but came to the conclusion th at such a source is rather sensitive to geometry, to corrections for y-ray absorption in the Ra-containers and in addition has a low efficiency (about 62 neutrons/sec./millicurie Ra). If reproducibility to within 1 % is aimed at, the necessity to correct for every possible error makes the method based on the photo effect less attractive than it might seem a t first sight.
In order to overcome these objections, we have searched for a definite chemical compound between an a-active element (preferably radium) and a suitable target element such as beryllium or boron. An inspection of the literature disclosed no properly characterized radium compound containing either of these elements. The other three alkaline earth metals, Ca, Sr, Ba, however, yield salts of the type Men BeF4 (where Me2 * * * * * * * * 11 is a divalent cation), isomorphous with, and in many other respects similar to, the corresponding sulphates. I t thus appeared a reasonable extrapolation to expect th a t radium beryllium fluoride would be a stable insoluble salt, similar to radium sulphate, which is the least soluble of the alkaline earth sulphates.
In a source of this type the following additional conditions have to be met:
(1) The dimensions of the source must be large compared to the range of aparticles in the material.
(2) The grain size must be large compared to the range of the recoil fragments resulting from a-emission (i.e. a low 'emanating power').
(3) The composition must be constant.
(4) The contribution of the polonium a-particles must be small, since this part of the neutron yield will grow with the half-life of radium D (22 years) with initially pure radium.
We believe th at all of these conditions are substantially met in the sources we prepared; the magnitude of the uncertainties attributable to them is discussed later.
E xperiments with barium beryllium fluoride
(1) Preparation and analysis In view of the difficulty and expense involved in handling radium salts, preliminary experiments were carried out on the corresponding barium compound, with the primary object of checking the constancy of composition of the complex, under varying conditions of preparation.
Stock, Praetorius & Priess (1925) have described the preparation of BaBeF4, by two methods: (a) by precipitation from aqueous solutions of K 2BeF4 and BaCl2, and (6) by fusing together BaCl2 and K 2BeF4. Samples were prepared under various conditions, and their purity determined. In some cases complete analyses were carried out, but for most samples the ratio BaS0 4 + BeS0 4 BaBeF4 obtained by fuming with concentrated sulphuric acid to constant weight, was taken as a criterion of purity. The other analytical techniques employed were:
(a) For barium: the complex was decomposed with concentrated sulphuric acid in a platinum crucible, and the resulting mixture of sulphates extracted with dilute sulphuric acid. The remaining barium sulphate was dried and weighed. These analytical procedures were first checked on standard solutions of the elements concerned and found to be satisfactory. The results obtained with samples prepared in various ways are listed in table 1. I t is clear from this th a t the fusion method is not satisfactory, and such a method would in any case be objectionable when the radium compound had to be prepared. W ithin the experimental error, the samples prepared from aqueous solutions all appeared to possess the required composition.
To find out if any of the Ba was precipitated as BaF2, X-ray powder patterns of the samples of BaBeF4 were compared with patterns obtained from samples of our purest preparation adulterated with 1, 3 and 1 0 % of barium fluoride (the most likely impurity). The method proved to be insufficiently sensitive, the limit of detection being about 3 %, and the results were thus not very significant. I t can be said, however, th at our samples obtained from aqueous solutions, contained less * We are indebted to Dr C. J. Wilkins for help with the determination of fluorine. than 3 % of B aF2. The sample obtained by fusion appeared to contain about 10 % in rough agreement with the analytical figures already quoted.* (2) Co-precipitation experiments Evidence for the existence and nature of the corresponding radium salt was obtained by radioactive tracer methods. A study of the distribution of traces of mesothorium (Ra228) between precipitated barium beryllium fluoride and the solution after partial precipitation by insufficient amounts of K 2BeF4, showed th a t the radium salt is, in all probability, less soluble than the barium compound. This was taken as confirmation of the initial assumptions about the stability and solubility of the radium compound.
(3) Emanating power of the complex I t is a condition for the reproducibility of the source th at the emanating power of the preparation should be low. A small quantity of radium chloride was mixed with barium chloride solution and samples of barium beryllium fluoride were prepared in various ways. These samples were allowed to emanate in an atmosphere of hydrogen, which was later pumped off through a charcoal trap immersed in liquid air, to absorb the radon. The y-activity of the charcoal tubes was later measured and compared with th at from an aliquot of the original solution. Table 2 gives the percentage emanating power of the samples. These figures are in qualitative agree ment with the conclusions reached from a comparison of the crystal sizes made under a low-power microscope. About 40 mg. of radium, as bromide, were available for the preparative work. I t had recently been specially purified, and the purity wajs given as > 99%. The salt was weighed into three roughly equal portions, and an independent preparation made with each in the following manner:
The salt was dissolved in 1 ml. of n/5-HC1 in a small platinum crucible, and heated on a hot plate. To the nearly boiling solution was added 2-5 ml. of boiling K 2BeF4 * We are indebted to Dr A. J. C. Wilson, then of the Crystallographic Laboratory, Cambridge, for making these measurements.
f We are very much indebted to Messrs Thorium Ltd., who supplied the radium bromide used, for the provision of laboratory facilities for the work with radium. In addition, we have to thank Dr W. P. Grove for advice on radium handling technique, and for making the emanation measurement on the final material.
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solution (containing 15 mg. K 2BeF4, about 2| times the theoretical quantity) dis solved also in n/5-HCI. A white precipitate formed and quickly settled. After cooling, the supernatant liquid was removed with a dropper and teat, without disturbing the precipitate, which adhered strongly to the platinum crucible, and centrifuging was therefore unnecessary. The precipitate was washed three times with hot water, the washings being removed as before, and the solid then dried for 1 hr. a t 140° C. The RaBeF4 was removed from the walls of the crucible by means of a platinum microspatula coated with ' Polythene ' to prevent scratching of the crucible.
Samples were removed from the first two preparations and analyzed by fuming to constant weight # ith concentrated sulphuric acid. The third sample was used first for the measurement of the emanating power and gave a result of about 3 %; the significance of this will be discussed later. This sample, and the remainders of the first two were then weighed into small platinum capsules and sealed. The capsules were identical cylinders, 0-37 cm. high, 0*25 cm. in diameter, and with wall thickness 0*025 cm. The radium content was determined by com parison of the y-ray ionization currents with th at of a radium standard: The discrepancy between the calculated and measured weights of radium is of the same order as the experimental error, but may be explained by the presence of ~ 1 % Ba in the radium used.
E. Bretscher, G. B. Cook, G. R. Martin and D. H. Wilkinson
I II
Inter-comparison of the three souR C E S t
Comparisons were made between the three sources by activation of a manganese detector with the neutrons from each one in turn, after slowing down in a large water bath. The detector was powdered electrolytic manganese, packed into the annular space between two thin brass cylinders. The counter used was of the thin-walled, self-quenching type, with a sensitive volume of length 7*0 cm., diameter 1*80cm.; the walls were of copper 0*012 cm. thick. The counter sensitivity was checked with a source of UX2 in equilibrium with uranium, and the correction which had to be applied to the observed results never exceeded 0*25 %. By adopting a standard counting routine any error arising from the uncertainty in the Mn56 half-life was eliminated. Under these conditions, it was assumed th a t the Mn56 activity, after f A more detailed account of this and the succeeding section will be published separately.
correction for change in counter sensitivity, for counter background, and for finite time of irradiation, was proportional to the total neutron flux from the source.
These measurements were carried on until sufficient statistical accuracy had been achieved (at least 106 disintegrations were recorded in each case), and gave the following results: These results show th at the neutron emission is proportional to the amount of radium to within 0*5 %. They thus establish the suitability of radium beryllium fluoride for the preparation of standard neutron sources.
Absolute neutron yield of RaBeF4 source
An approximate absolute value for the neutron yield of our sources was obtained by comparison with two previously standardized 'mixed' sources in the same arrangement. Before doing this, two im portant points were checked:
(a) The 'm ixed' source was considerably larger in physical dimensions than our RaBeF4 sources, and raised the possibility th at the efficiency of the detecting system would vary from point to point within it. Experiments were therefore performed in which the detector was activated by the small source placed a t various positions within the cylinder, and a 'plateau volume ' was mapped in which detector efficiency was constant. This volume was big enough to accommodate the larger source.
(b) The neutron spectrum of the two types of source would be different owing to the neutron contribution from fluorine in the one case only. The thermal neutron density in the slowing-down medium was therefore investigated for the two types of source, with a small BF3 filled chamber. Close agreement was found between the two types, and the error introduced by assuming th at the slow neutron density a t the detector is proportional to the fast neutron emission from the source, is thought to be negligible.
The previous standardization of the 'm ixed' sources had been carried out by irradiation of a large tank of manganous sulphate solution (Amaldi & Fermi 1936) , first with this source, and then with the D + D source of the Cambridge high voltage equipment. The neutron flux from the D + D source was measured with an ethylenefilled, 'Polythene'-lined ionization chamber and valve electrometer. It is possible th at the accumulated errors in this chain of experiments may amount to as much as 10%.
The value obtained was 1-84 xlO6 neutrons/sec./g. of RaBeF4; this was the weighted mean of comparisons with two ' mixed ' sources. The magnitude of this yield is most gratifying in view of the small B e : Ra ratio which these sources show. The ratio normally utilized in 'mixed' sources is of the order of 200:1 (by atoms). Such a source is quite small and compares favourably with the photoneutron source referred to by O'Neal & Scharff-Goldhaber (1946) , which gives 8-6 x 105 neutrons/g. radium surrounded by 85 g. Be.
Discussion of errors
A number of factors may contribute to a lack of reproducibility between different preparations of the source. The sources of error to be considered are:
Loss of radon from the crystals In one source approximately 3 % of the radon escaped from the solid phase. This will not, of course, escape from the platinum capsule, but its a-particles may not be so efficient in neutron production as those originating from radon retained within the crystals. This effect would not be very large, and will be further mitigated by the compactness of the source. Moreover, the value of 3 % emanating power was ob tained when the RaBeF4 was spread thinly over the walls of the platinum crucible, so th at the emanating power might have been lower if the powder had been packed into a small container.
(
ii) Loss of a-particles into the platinum walls of the container
The surface layer of the source will emit some a-particles whose path lies partly in the platinum walls, and whose efficiency is therefore less than th a t of the rest of the a-particles. The relative magnitude of this loss will clearly depend on the total weight of source material. A rough calculation has been made, assuming a spherical source, and taking the excitation function for the Be(a, reaction obtained by Bjerge (1938) . This should give at least the order of magnitude of the deviation of the neutron yield from strict proportionality to the source weight. It will be obvious th at a-particles can escape only from a superficial spherical shell of thickness equal to their range and calculation shows th at of all the a-particles emitted from atoms in such a shell, three quarters will, in any case, end their paths within the solid, and th at the remaining quarter will have a rectangular distribution of residual ranges (if the radius of the sphere is > the range of the a-particle).
Bjerge's excitation function was obtained with a thin target, and a thick target curve was obtained by graphical integration; from this the quantities given in table 3 were evaluated. Table 4 gives the magnitude of the correction to be applied to each of our three sources. I t will be seen th a t none of them is subject to a correction on this account as large as 1 %, and since the error diminishes with increasing mass, it cannot be regarded as serious. 
#

(iii) Growth of polonium in the source
Polonium will grow in initially pure radium with, roughly, the half-life charac teristic of RaD (22 years). Table 3 shows th at about 9*1 % of the neutron yield of a source in equilibrium will be due to Po a-particles, and will grow, therefore, in this way. The remainder of the neutron yield will effectively attain its maximum value within one month. A correction must therefore be made for the growth of polonium, amounting initially to 0-28 % per annum. The values which we quote for the neutron yield of the source were obtained before any significant growth of Po had taken place.
iv) Chemical composition
Our experiments with the barium compound (see table 1), and the two analyses of the radium compound, have been taken as sufficient proof of its stoichiometric nature.
This work was carried out during 1943 on behalf of the Directorate of Tube Alloys of the Department of Scientific and Industrial Research. The paper has been published with the permission of the Director of the Atomic Energy Research Establishment, Ministry of Supply. This is a concentrated version of the original report B.R. 383.
